Abstract. Resveratrol, a naturally occurring phytoalexin, acts as an activator of sirtuin 1 (SIRT1) and has been shown to have a neuroprotective role in various models. Healthy adult male Sprague-Dawley rats were subjected to cerebral ischemia in order to study the protective effect of resveratrol on the brain following ischemia, and to investigate the effects of SIRT1 activation on the hippocampus. Untreated and resveratrol-treated rats were anesthetized prior to undergoing surgery to induce middle cerebral artery occlusion followed by reperfusion. SIRT1 expression was evaluated by immunohistochemistry, western blotting and reverse transcription-quantitative polymerase chain reaction, and SIRT1 activity was also evaluated. In addition, terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) and Nissl staining assays were conducted and the levels of reactive oxygen species were determined. It was observed that resveratrol significantly decreased the number of TUNEL-positive cells and increased the expression of SIRT1 mRNA in a dose-dependent manner.
Introduction
Stroke has been recognized as a leading cause of disability and is the second most common cause of mortality in adults worldwide (1) . Research has indicated that the use of neuroprotective agents may be a suitable approach to the treatment of stroke. Although numerous clinical trials have been conducted with potentially neuroprotective agents, few have been used clinically (2, 3) .
During ischemic insult, the production of reactive oxygen species (ROS) increases. This leads to neuronal death, brain edema and inflammation (4) . ROS produced at the early phase of neuronal apoptosis act as mediators of intracellular apoptotic signaling cascades (5) , and pathologically accelerate the release of cytochrome c from mitochondria (6, 7) . ROS production evidently increases following ischemia, which leads to oxidative stress (8) (9) (10) . Studies have revealed that at least some of the effects on cells of exposure to ROS are similar to those of ischemic insult. The brain, which is a major metabolic organ of oxygen and has relatively weak protective antioxidant mechanisms, is particularly vulnerable to the insult perpetrated by ROS. The neuroprotective role of sirtuin 1 (SIRT1) has been demonstrated in models of various neurodegenerative diseases, including Alzheimer's disease, Parkinson's disease and Huntington's disease (11, 12) .
Resveratrol (RSV; 3,5,4'-trihydroxy-trans-stilbene) is a naturally occurring phytoalexin that is present in the skin of red grapes and is a component of red wine (13, 14) . It mediates a variety of biological activities that are associated with extension of life span, even in those with a high caloric diet, and cancer prevention (15, 16) . Resveratrol acts as an activator of SIRT1 and has been shown to be neuroprotective in various models (16) (17) (18) eration and neurogenesis within the brain. Ischemia induces apoptosis of neurons in the subventricular zone of the lateral ventricles and in the subgranular zone of the hippocampus in the adult brain. Transient global ischemia induces neuronal damage specifically in the hippocampus of rats (19, 20) . In the current study, the aim was to investigate whether resveratrol inhibits the caspase cell death pathway to protect hippocampal neurons from ischemia and evaluate the effects of SIRT1 activation in the hippocampus. The mechanisms that lead to this phenomenon within neurons were also investigated. Rats were randomly divided into four groups (6 rats/group). These were the ischemia group (ISC group), the ischemia with 5 mg/kg resveratrol group (ISC + RSV-5 group), the ischemia with 10 mg/kg resveratrol group (ISC + RSV-10 group) and the control group.
Materials and methods

Chemicals
Drug treatments. Rats in the control and ISC groups were given distilled water, while the rats in the ISC + RSV-5 and ISC + RSV-10 groups were respectively given drinking water plus 5 and 10 mg/kg resveratrol for 21 days.
Middle cerebral artery occlusion. Rats in the ISC group and the two ISC + RSV groups were anesthetized with 2% Napental (4 mg/kg, intraperitoneally) and then underwent surgery to induce middle cerebral artery occlusion. The middle cerebral artery was ligated with an intraluminal filament for 1.5 h and then reperfused for 24 h. For the sham group, the external carotid artery was surgically prepared for insertion of the filament, but no filament was inserted. During the experimental procedures, blood pressure, blood gas level and glucose levels were monitored. Rectal temperature was maintained at 37.0-37.5˚C with a heating pad, and body temperature was maintained at 37˚C with a thermostatically controlled infrared lamp. Brain temperature was maintained at 36-37˚C and monitored with a 29-gauge thermocouple in the right corpus striatum and a temperature-regulating lamp. An electroencephalogram was taken to ensure isoelectricity during the ischemic period (19) .
Tissue preparation. At 24 h after the experimental interventions, the rats were deeply anesthetized, sacrificed by an overdose of anesthesia and quickly treated with a cardiac perfusion of 4% paraformaldehyde. The hippocampi from 3 rats per group were extracted and cut into 12-µm coronal sections with a cryostat (CM 3000; Leica, Manheim, Germany) then placed on glass slides and stored at -80˚C (21, 22) .
Immunohistology, terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) staining and cresyl violet (CV) staining.
The avidin-biotin-peroxidase complex method of immunohistochemical staining was conducted as previously described (23) . DNA fragmentation was detected using a TUNEL kit (Roche Diagnostics Corporation, Indianapolis, IN, USA) according to the manufacturer's instructions. The sections were stained with cresyl violet (CV) using the conventional method and mounted (24) .
Western blot analysis. The total protein and nuclear protein were isolated from hippocampi using RIPA buffer (Beyotime, Jiangsu, China) according to the manufacturer's instructions. The protein concentration of the supernatant homogenate was determined using a Bio-Rad kit (Bio-Rad, Hercules, CA, USA) at an absorbance of 595 nm. The samples (80 µg) were transferred to polyvinylidene difluoride membranes and incubated with the following primary antibodies: Rabbit monoclonal anti-SIRT1 antibodies obtained from Cell Signaling Technology (dilution 1:500; cat. no. 9475P, Beverly, MA, USA); rabbit monoclonal anti-β-actin (dilution 1:1,500; Sangon Biotech, Shanghai, China) was used for loading control and the secondary antibody was goat anti-rabbit IgG conjugated to horseradish peroxidase (dilution 1:500; ZSGB-Bio, Beijing, China).
RNA extraction, cDNA synthesis and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was purified and extracted as described previously by Chen et al (25) . Equal concentrations of total RNA were reverse-transcribed using Prime Script RT reagent kit (Takara Bio Inc., Shiga, Japan) according to the manufacturer's instructions. cDNA samples were blended with primers and SYBR Master Mix (Invitrogen Life Technologies, Carlsbad, CA, USA) in a total volume of 25 ml. The samples were assayed in triplicate using an ABI PRISM ® 7500 Sequence Detection system (Applied Biosystems-Life Technologies, Foster City, CA, USA). The cycle threshold (CT) values for each reaction were determined and the mean was calculated using TaqMan SDS analysis software (Applied Biosystems-Life Technologies). The expression levels of target genes were determined by the comparative CT method (fold change = 2 −∆∆CT ). PCR primers for SIRT1 were obtained from Sangon Biotech (Shanghai, China). The primer pairs for SIRT1 were as follows: forward, 5'-CCAGATCCTCAAGCCATGT-3' and reverse, 5'-TTGGATTCCTGCAACCTG-3' (26).
Analysis of reactive oxygen species and SIRT1 activity. The fluorogenic probe 2',7'-dichlorodihydrofluorescein diacetate was used to assess the production of ROS, as previously described (22) . The activity of SIRT1 was analyzed using a fluorogenic assay according to the technique previously described by Li et al (22) .
Statistical analysis. Data are presented as the mean ± standard deviation. Data were analyzed using one-way analysis of variance with a post hoc test (multiple comparison test), which determined the significant differences among groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Immunohistology and TUNEL-positive cells within the hippocampi. CV staining was conducted to stain Nissl bodies a purple-blue color (Fig. 1A, D and G) . This revealed that distinct damage of neurons occurred in the ISC and ISC + RSV-10 groups (Fig. 1D and G) when compared with the control group (Fig. 1A) . Immunohistochemical staining 
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of SIRT1 in the hippocampi of the ISC group (Fig. 1H ) was more intense than in the ISC + RSV group (Fig. 1E ), which in turn was more intense than that in the control group (Fig. 1B) . TUNEL-positive cells were most visible in the hippocampi of the ISC group (Fig. 1F) , and visible at lower levels in the ISC + RSV group (Fig. 1I) . The number of TUNEL-positive cells detected in the control rats was low (Fig. 1C ) compared with that in the other two groups. These results indicate that RSV attenuated the ischemia-induced damage. The neurons in the hippocampi from control rats displayed few positive neurons. Rats in the ISC group notably became evident by a prominent growth in the number of TUNEL positive cells. TUNEL positive neurons in the ISC+RSV group markedly decreased compared with ischemia only (Fig. 2A) . Fig. 2B , ischemia increased the levels of ROS that were detected in the rat hippocampi. In addition, RSV effectively attenuated the ischemia-induced ROS production in the RSV-treated groups in a dose-dependent manner.
ROS accumulation. As shown in
SIRT1 expression determined by western blotting and RT-qPCR analysis and SIRT1 activity.
The expression levels of SIRT1 in the ISC and ISC + RSV groups exhibited significant differences compared with those in the control group at the protein and mRNA levels (Fig. 3) . Treatment with resveratrol increased the expression of SIRT1 in a concentration-dependent manner (Fig. 3) . SIRT1 activity was significantly increased following ischemia, and was particularly high in the ISC + RSV-5 and ISC + RSV-10 groups, where resveratrol increased the SIRT1 activity in a concentration-dependent manner (Fig. 4) .
Discussion
The results of the present study revealed that SIRT1 was highly expressed in rat hippocampal neurons following ischemia and that resveratrol effectively antagonized the oxidation induced by ischemia. SIRT1 provides neurons with tolerance against oxidative stress. It also plays an important role in the regulation of cellular functions. It can act on numerous non-histone proteins, including transcription factors and transcriptional coregulatory proteins (11, 13) . SIRT1 participates in the control of systemic metabolism via the regulation of glucose and lipid homeostasis by deacetylating various targets, and also increases chromatin silencing. Various target proteins are substrates for SIRT1 (27) . Histone acetylation is closely associated with active transcription, and histone methylation is often associated with transcriptional repression (28) . SIRT1 suppresses the expression of inflammatory genes by enhancing the activities of histone methyl transferases. For example, SIRT1 deacetylates and activates histone methyl transferase, resulting in increased levels of trimethyl-substituted histone, which suppresses the expression of inducible inflammatory genes (29) . Previous studies have suggested that SIRT1 activation elicits resistance to oxidative stress through the regulation of transcription factors and coactivators such as Hif-2a and NF-κB (30) . P53 is an important factor involved in myocardial apoptosis, whose effects are achieved through the activation of the renin-angiotensin system. A study has indicated that when myocardial ischemia occurs, SIRT1 reduces the activity of P53 through deacetylation (31) . SIRT1 is ubiquitously expressed in all tissues, particularly in the brain, and has been demonstrated to be a nuclear protein (32) . However, SIRT1 has both nuclear import and export sequences and has been found to be present in the cytosolic fraction of mouse brains (33) . Oxidative stress occurs as the result of a shift in balance that favors the generation of oxygen-derived ROS over certain antioxidant defense mechanisms. ROS can cause lipid peroxidation and lead to a loss of membrane integrity, reduction of mitochondrial membrane potential and increased permeability to Ca 2+ in the plasma membrane (34) . In the central nervous system, neurons are particularly vulnerable to assault by neurotoxins. Ischemia and oxidative stress are common underlying factors in this type of damage. In addition to exerting direct effects on vascular tone, ROS also impair vasomotor responses to other stimuli. Resveratrol has been identified to have notable antiinflammatory activity. It downregulates the activation of immune cells and the subsequent synthesis and release of pro-inflammatory mediators through the inhibition of transcriptional factors such as NF-κB. Resveratrol has also been shown to inhibit the activation of microglia (35, 36) .
In a number of experimental paradigms, resveratrol is used to increase SIRT1 activity. However, recent studies (26, 37, 38) have demonstrated that resveratrol does not directly activate SIRT1, which indicates that mediators may be involved in the activation process. Certain studies, discussed in a review (38) , support the hypothesis that mechanisms other than direct activation bring about P53 acetylation by resveratrol. Another study demonstrated that SIRT1-dependent pathways, in addition to nitric oxide (NO)-dependent mechanisms, contribute to the beneficial mitochondrial and cellular effects of dietary restriction (39) . Many of the effects that have been observed in resveratrol-treated animals are consistent with the modulation of SIRT1 targets (40) . SIRT1 may regulate a number of pathways involved in mitochondrial biogenesis. The pathways controlled by endothelium-derived NO are suggested to be the most important (41) . Resveratrol improves NO production by upregulating endothelial NO synthase at the level of transcription (42) . However, whether resveratrol modulates other critical genes remains unclear. Although SIRT1 levels have been observed to increase following the administration of resveratrol, the protective effect of resveratrol may be SIRT1-independent. Future studies to clarify the understanding of the cellular mechanisms involved in the neuroprotective effects of resveratrol may provide new avenues for the treatment of ischemia-induced disorders and experiments using SIRT1-knockout rats may reveal the true correlation between SIRT1 and resveratrol.
In conclusion, in the present study, it was observed that resveratrol significantly decreased the number of TUNEL-positive cells, and increased SIRT1 mRNA expression levels, in addition to increasing the expression levels of SIRT1 protein and SIRT1 activity. The results indicate the neuroprotective and antioxidant effects of resveratrol against ischemia-induced apoptosis in the rat hippocampus.
